Introduction
Transition-metal dichalcogenides, referred to as MX 2 (M = Ti, Zr, Hf, V, Nb, Ta, Mo, and W; X = S, Se, and Te), are layered structures that exhibit interesting physical properties.
1)4) These layered materials are formed by strong in-plane covalent bonding and weak out-of-plane van der Waals interactions. Therefore, various guest species can insert into the interlayers of such structures and form intercalation compounds. TaS 2 is a typical layered transition-metal dichalcogenide that exhibits various polytypes, including the 1T, 2H, 3R, 4Hb, and 6R polytypes.
5)8) 2H-TaS 2 easily forms intercalation compounds and also exhibits a coexisting charge density wave (CDW) at 78 K and superconducting transition at 0.8 K. 9) Its superconductivity is effectively enhanced via the intercalation of various guest species such as organic molecules, 10) , 11) alkali metals (Li, Na, and K), 12)14) 3d metals (Fe and Cu), 15)17) and low-melting metals (Hg, In, Sn, Pb, and Bi). 18) However, the superconductivity of Ag + -intercalated TaS 2 has never been reported.
In this study, we prepared Ag x TaS 2 (x = 0.58, 0.21) using the recently developed method of proton-driven ion introduction (PDII) 19) and demonstrated their superconductivity. Figure 1 (a) schematizes the PDII process, which is based on a solid-state electrochemical synthesis and achieves high crystallinity and homogeneity of singlecrystalline intercalation compounds because of its liquidfree process. The common intercalation methods involving liquid-phase processes result in the simultaneous intercalation of solution molecules and a concentration gradient of guest ions from the surface to the interior of the host material. Therefore, the preparation of intercalated materials with high crystallinity and homogeneously dispersed intercalation species is a substantial challenge. In the PDII process, the protons (H+) generated by the electrolytic dissociation of hydrogen drive other monovalent cations from the top side to the bottom side of a solid electrolyte along a high electric field, as described later. Such a liquidfree process enables us to apply a high voltage on the order of several kilovolts as a driving force for intercalation. Because ion intercalation should be sufficiently filled in the host material to the solid solubility limit to obtain homogeneously intercalated compounds. In our previous report, we synthesized single-crystalline 2H-A x TaS 2 (A = Li, Na, K, Cu, and Ag) while maintaining high homogeneity and crystallinity. 19) These compounds show stage 1 structure as depicted in Fig. 1(e) . Guest ions are inserted into every TaS 2 interlayer.
Herein, we synthesized 2H-Ag x TaS 2 (x = 0.21) with a stage 2 structure, as shown in Fig. 1(f ) , utilizing a polytype of 4Hb-TaS 2 as a host material. Experimentally, guest ions are more difficult to insert into 1T-TaS 2 , which is composed of octahedral TaS 2 layers, than into 2H-TaS 2 , which is composed of trigonal-prismatic layers [Figs. 1(b) and 1(d)]. Figure 1(c) shows the crystal structure of 4Hb-TaS 2 . It has an alternating stacking structure of octahedral (1T) and trigonal-prismatic (2H) TaS 2 layers. Such a crystal structure accommodates Ag+ ions into every other TaS 2 layers, resulting in the formation of a "stage 2" structure.
Sample characterization

Proton-driven ion introduction
To prepare the Ag + -intercalated TaS 2 , single-crystalline 2H-and 4Hb-TaS 2 were grown via chemical vapor transport. 20) Polycrystalline TaS 2 and I 2 (5 mg/cm 3 ) as a transporting agent were added to a closed quartz tube. They were sintered using a temperature gradient from 800 to 900°C for seven days. Plate-like single crystals, including 2H-and 4Hb-TaS 2 , were obtained. Figure 1 (a) schematizes the PDII process. To intercalate Ag + ions into the single-crystalline 2H-and 4Hb-TaS 2 , AgI was adopted as an appropriate ion source of solid electrolyte because of its high Ag + -ion conductivity. 21) Thus, pelletized AgI was placed on the single-crystalline TaS 2 under a 100% H 2 atmosphere. When a high voltage is applied between the needle-shaped anode and the carbon cathode, protons are generated and accelerated to the pelletized AgI along the electric field. They then penetrate and push the Ag + ions from the top side to the bottom side. Because charge neutrality should be retained in the AgI, the Ag + ions must be released from the bottom side and intercalated into TaS 2 . Simultaneously, TaS 2 receives electrons form the carbon cathode. Thus, the reaction of TaS 2 + xA + + xe ¹ A x TaS 2 is driven.
Our previous study on PDII revealed that the ion supply rate from the ion source should be smaller than the ion diffusion rate of the host material; otherwise, surplus Ag + is precipitated as Ag metal at the interface between AgI and TaS 2 . Such a precipitation separates them and prevents Ag + from migrating to the TaS 2 . The ion supply rate, which corresponds to the electric current flowing around the circuit, and the ion diffusion rate can be controlled by adjusting the applied voltage and the treatment temperature, respectively.
2.2 Ag 0.58 TaS 2 with stage 1 structure 2H-TaS 2 was treated with PDII, wherein 1.8 kV of voltage was applied between electrodes at 400°C. The electric current was then increased to 11¯A. Under this treatment condition, homogeneous 2H-Ag x TaS 2 with stage 1 was obtained. The chemical composition was estimated to be Ag 0.58 Ta 1.00 S 1.95 by using inductively coupled plasma mass spectrometry (ICP). In addition, the high crystallinity of the sample was confirmed via X-ray diffraction (XRD) measurements using Cu K¡ radiation, as shown in Fig. 2(a) . Observed full width of half maximum (FWHM) of the main peaks are almost comparable between pristine TaS 2 and Ag 0.58 TaS 2 . Also, the (00l)-indexed peaks in the XRD pattern shifted to lower angles, and the c lattice parameter is expanded from 12.08 to 14.46 ¡ after Ag intercalation. The basal spacing of Ag 0.58 TaS 2 is 7.23 ¡. As described above, polytype single-crystalline 4Hb-TaS 2 was used as a host material to obtain a stage 2 structured Ag x TaS 2 . However, at a high temperature such as 400°C and under a H 2 atmosphere, the 4Hb structure changes to 2H (Fig. 3) . Therefore, the treatment temperature was kept at 100°C to maintain the 4Hb structure during PDII. We adjusted the voltage to satisfy the aforementioned relation; specifically, the ion supply rate was maintained lower than ion diffusion rate at 100°C. Under an applied voltage of 3.0 kV, 56¯A of electric current flowed around the circuit. Note that a higher voltage is necessary for ion migration across the PDII cell under a lower temperature, because of the decrease in the ion diffusion coefficient of the ion source.
In Fig. 2(b) , as treated single crystal by PDII showed broad XRD peaks. However, as described FWHM, some peaks narrowed after the crystal was annealed at 200 and 250°C, and the other peaks (indicated by red arrows) disappeared. Even when the annealing temperature was increased to 300°C, the obtained XRD results were comparable with those at 250°C. Furthermore, each peak indexed as (00l) shifts to a lower or higher angle as annealing temperature is increased. Blue-dotted lines are added for clarity. These results suggest that the post annealing does not simply improve the crystallinity of Ag + -intercalated TaS 2 but induces a structural stabilization through the transformation from octahedral to trigonalprismatic TaS 2 . In fact, Fig. 3 shows that the thermal treatment at around 300°C transforms the 4Hb structure into a 2H structure. The same transformation is expected to be induced. Specifically, the Ag + -intercalated 4Hb structure changed to the 2H structure during post-annealing. This irreversible phase transition means that the as treated material by PDII shows the thermodynamically metastable phase. This is because the guest ions are forcibly intercalated into interlayers by applying a high voltage at low temperature. Although the detailed crystal structure of Ag + -intercalated 4Hb-TaS 2 is difficult to determine from the current XRD results as shown in Fig. 2(b) , these findings demonstrate that the PDII is one of the most promising methods to synthesizes unobtainable materials by traditional solid-state reaction.
As shown in Fig. 2(a) , peak-to-peak intervals in Ag x TaS 2 obtained from 4Hb structure are reduced by almost half in comparison with Ag 0.58 TaS Journal of the Ceramic Society of Japan 126 [12] 
Experimental results and discussion
Electric measurements of Ag x TaS 2
Electrical resistivity was measured by a standard fourprobe method from 300 to 0.13 K using an adiabatic demagnetization refrigerator system [Quantum Design, Physical Property Measurement System]. The singlecrystalline Ag x TaS 2 (x = 0.21 and 0.58) samples were formed into rectangles with dimensions of approximately 2.17 © 0.58 © 0.03 mm 3 and 2.03 © 0.92 © 0.04 mm 3 , respectively. Figure 4 shows the temperature dependence of resistivity for the samples with x = 0.21 and 0.58. The resistivity gradually decreases with decreasing temperature, thereby indicating metallic behavior. Finally, superconductivity appeared at T c onset = 0.4 K and T c zero = 0.15 K on the black line denoting x = 0.58 and at T c onset = 1.7 K and T c zero = 1.4 K on the red line denoting x = 0.21. In this study, T c onset was regarded as the starting point of the decrease in resistivity from the normal conducting state and T c zero was regarded as the point at which the line for zero resistivity crossed the µT curve.
Magnetic measurements of Ag 0.21 TaS 2
Superconducting transition was also observed from magnetic measurements using a superconducting quantum device magnetometer [Quantum Design, Magnetic Property Measurement System].
23) Figure 5 shows the temperature dependence of the field-cooled (FC) and zero-fieldcooled (ZFC) susceptibility of Ag 0.21 TaS 2 from 0.47 to 1.9 K under a 10 Oe field. To reduce the demagnetizing effect, a magnetic field was applied parallel to the ab plane of the single crystal. Although the obtained signal is noisy because of the small sample, the FC and ZFC curves separate at approximately 1.2 K and the superconducting volume fraction is estimated to be almost 100% at 0.5 K. Therefore, the bulk superconductivity of Ag 0.21 TaS 2 is confirmed. Because the T c of Ag 0.58 TaS5 2 is lower than the lowest achievable temperature, the Meissner effect of Ag 0.58 TaS 2 could not be detected. However, since the XRD and EDS measurements provide supporting evidence that the obtained samples were single phase, the observed superconductivity at 0.4 K should be the nature of Ag 0.58 TaS 2 .
Relationship between T c and CDW
As shown in Fig. 4(a) , two anomalies are observed at 180 and 80 K in the µT curve of Ag 0.58 TaS 2 . An anomaly was also observed in Ag 0.21 TaS 2 at a similar temperature of ³170 K; however, the anomaly observed at 80 K in the curve for Ag 0.58 TaS 2 was not observed in the curve of Ag 0.21 TaS 2 . Because the host material of 2H-TaS 2 shows a CDW at 78 K, these anomalies are also considered to be caused by CDWs. 9) In addition, the suppressed CDW is widely acknowledged to lead to an increase in the density of states at the Fermi level and to ultimately enhance T c according to McMillan's theory. 24) This concept qualitatively explains the resistivity behavior of these Ag x TaS 2 (x = 0, 0.21, 0.58) compounds. When the Ag + concentration decreased from x = 0.58 to x = 0.21, the CDW at 80 K in Ag 0.58 TaS 2 was suppressed and the T c increased from 0.4 to 1.7 K. Likewise, a comparison of the samples with x = 0.58 and x = 0 suggests that the suppressed CDW at 180 K enhances T c from 0.4 K (x = 0.58) to 0.8 K (x = 0). Although the origin of anomalies must be clarified using transmission electron microscopy and scanning tunneling microscopy, the results for Ag x TaS 2 (x = 0, 0.21, 0.58) are in good agreement with the known relationship between CDW and superconductivity. 24) 
Conclusion
We have successfully synthesized single-crystalline Ag x TaS 2 (x = 0.58, 0.21) via PDII. The synthetic route to Ag x TaS 2 with the stage 2 structure exploited the difference in ion diffusion rates among the polytypes of octahedral and trigonal-prismatic layers. Ag + ions were forcibly inserted into interlayers of 4Hb-TaS 2 by PDII at 100°C, resulting in the formation of a thermodynamically metastable phase. This approach has potential applications for diversifying intercalation compounds since such stage structures are expected to provide previously unknown physical properties. In fact, Ag x TaS 2 exhibited the onset of superconductivity at 0.4 and 1.7 K for x = 0.58 and 0.21, respectively. Some anomalies observed in the resistivity measurements at higher temperatures seem to correlate with the superconducting T c Bs and are speculatively attributed to CDW order.
